Abstract-A transparent dielectric resonator (DR) reflectarray that works in the C-band (6.5 GHz) is proposed in this paper. Here, the reflectarray element has a metallic strip of adjustable length placed underneath to act as a phase shifter. Floquet method is applied for characterizing the reflection properties of the element and a 7 × 7 full-fledge reflectarray was constructed using glass and the low-cost FR4. By varying the length of the under-loading strip, it is found that the proposed DRA reflectarray element is able to provide a compensating phase of greater than 300 • . Measurements and simulations were conducted to analyze the reflection coefficient, antenna gain, and radiation patterns. The reflectarray has a maximum gain of 14.38 dBi in the broadside direction, and the 1-dB bandwidth of the DRA reflectarray is found to be around 8%. The use of DR has enabled antenna size miniaturization, and it can be useful for the design of small-size reflectarrays.
INTRODUCTION
Microstrip patch [1] has become a popular resonator for designing the planar reflectarray because it is planar and simple in structure. A patch resonator with variable size or length is found to be able to introduce phase shift for reflectarray. Nevertheless, conductive and surface wave losses of the patch can be a concern at millimeter wave ranges [2] . It was first shown by Long et al. [3] that the dielectric resonator (DR) can be made an efficient antenna. Since then, the dielectric resonator antenna (DRA) has been extensively explored for various applications because of its advantages such as low loss, wide bandwidth, compact size, and light weight [4, 5] . The use of DR can scale down the antenna size by roughly a factor of 1/ √ ε r , where ε r is the dielectric constant of the DR [6] .
In 2000, Keller et al. [7] was among the first to propose the use of DRA for reflectarray, where different phase shifts were introduced to the radiating elements by varying the length of the rectangular DRA. It was found that the phase range of the DR reflectarray was comparable with that for the microstrip resonator. However, changing the dimensions of the super-hard DR requires the use of special cutting tools or shaping molds, which may not be convenient in practice. To overcome this problem, slot loading has become one of the popular methods for generating phase shift in the DRA reflectarray elements [8] [9] [10] . In [11, 12] , the bottom-loading slot is made to have a more complicated shape such as C-slot and I-slot. By varying the arm length of the complex-shaped slot, reasonable reflection phase can be easily achieved. A dual-polarized reflectarray element which is loaded with a windmill-shaped slot is presented in [13] to offer wide bandwidth. Slot is also combined with the notched DRA for designing a dual-band reflectarray, operating in the C and X bands [14] .
Another way to introduce phase shift is to combine the DRA with microstrip elements such as patches and strips [2] . A DRA element top-loaded with a rectangular microstrip patch has been proposed in [15] , where the patch length is varied to function as a phase shifter. However, the fabrication process can be quite troublesome as the patch has to be manually attached to the top surface of the DRA.
Misalignment of the patch and DRA can reduce the gain. To solve this problem, in this paper, a transparent DRA reflectarray element which has a conductive strip loaded beneath it is proposed to provide a phase range of greater than 300 • . A 7 × 7 DRA reflectarray was demonstrated to verify the design concept. It is worth to mention that the bottom-loading strip can be easily etched using the standard printed circuit board (PCB) technology, which is able to provide high accuracy for simplifying the tuning process. Although the top-loading case enables easy access to the metallic patch for tuning purpose, the problem is that its manufacturing process can be tedious as it is quite difficult to get the patch stuck to the DR precisely. This problem does not exist in the bottom-loading case. The antenna size of the proposed reflectarray can be reduced by a factor of 1/ √ ε r by increasing the dielectric constant, and this miniaturization technique can be useful for designing a compact-size reflectarray. For a slot-loaded DRA reflectarray element, electric field can leak through the bottom-loading slot, which may cause the backlobe to increase. On the other hand, the proposed top-patch-loaded DRA reflectarray has a ground plane as shield and therefore very minimum field leakage is possible. The commercial software CST Microwave Studio was used to simulate the unit cell element and the fullfledge DRA reflectarray because its time domain solver has the capability to solve electrically large models. Reasonable agreement was obtained between the simulated and measured results.
ANTENNA CONFIGURATION
Figure 1(a) shows the Floquet simulation model for the proposed DRA reflectarray element which is loaded with a rectangular strip underneath the DR. The strip is etched on the top surface of a square FR4 (L = 25.38 mm) substrate which has a thickness of h = 1.58 mm and dielectric constant of ε r = 4.4, and the reverse surface of the substrate is coated with ground. In this case, the strip length L s is varied from 2 mm to 13 mm to function as the phase-shifting element while the strip width (W s ) is made a constant value at 6 mm. A square dielectric resonator (W = 14 mm, H = 6 mm, and dielectric constant of ε r = 7) made of Borosilicate Crown Glass, a material which is also known as K9 glass or Pyrex, is then placed right on top of the strip using adhesive. The loss tangent of such material is very low (0.00008) [16] and it is omitted in simulation. A y-polarized wave (6.5 GHz) with an oblique incident angle of θ = 30 • (in the φ = 180 • direction) is generated from the port and it is guided to propagate in the direction of the DRA element. This is to imitate the full-fledge reflectarray that is designed to have a side-fed horn suspended at the same angle. The simulated reflection phase (S-curve) and reflection magnitude (reflection loss) as a function of strip length were plotted in Figure seen from the magnitude response that reflection loss at the Floquet port maximizes when the length of the conductive strip is around 8 mm. As L s gets from 2 mm up to 13 mm (resolution of 0.1 mm), the reflection phase shifts down from −38.6 • to −354.6 • , giving a phase range of 316 • . This phase range is sufficient for designing a small-size reflectarray. The electric field distribution of the DRA for the case of L s = 13 mm is shown in Figure 3 and it is found that the DRA is working at its TE 111 mode. For the slot-loaded DRA reflectarray element, electric field can leak through the bottom-loading slot, which may cause the backlobe to increase. On the other hand, the proposed strip-loaded DRA reflectarray has a ground plane as shield and therefore very minimum field leakage is possible.
RESULTS AND DISCUSSION
A C-band pyramidal horn antenna (ATM PNR137-440-2, 5.85 GHz-8.2 GHz), which has a nominal antenna gain of 10 dBi, is included into the simulation model to reflect the actual setting of the fullfledge reflectarray. Measurements were carried out in free space. The Rohde & Schwarz SMB100A Signal Generator (100 kHz-12.75 GHz) is used to generate a microwave signal at the desired frequency, and it is connected to the feed horn of the reflectarray. It remains stationary throughout the measurement process. The transmitting signal is received by a similar receiving horn antenna which rotates around the reflectarray at a fixed far-field distance (R = 2.8 m), and the received power (|S refl 21 |) is recorded using the Advantest U3771 Spectrum Analyzer (9 kHz-31.8 GHz). The antenna gain of the reflectarray can be obtained by referencing the signal magnitude of the reflectarray to a horn and the procedure is elaborated here. By replacing the transmitting reflectarray by a similar ATM horn, the signal received by the receiving horn is read (|S born 21 |) and the antenna gain of the reflectarray can therefore be calculated as Gain (dBi) = |S refl 21 | − |S born 21 | − 20 log 10 (λ/4πR), where λ is the operating frequency and the final term is taking account of the free space loss. Figure 4 (a) illustrates the configuration of the proposed DRA reflectarray. As can be seen from the figure, the DRA radiating element that was described in Figure 1 is now arranged in an array of 7 × 7, summing up with a total of 49 radiating elements. The optimum spacing between any two of the reflectarray elements is usually in the range of 0.5 − 0.6λ [17] . In this paper, the element spacing d 1 = L is set to be 25.38 mm, which is 0.55λ at 6.5 GHz, and the distance d 2 between the element and the edge of the board is selected to be L/2 (or 12.69 mm) to make the edge element a complete cell. The board size D of the reflectarray is 177.69 mm. The feeding horn antenna is placed at f from the center of the grounded substrate with an inclination angle of 30 • with respect to the center (X 4 , Y 4 ). The use of side-feed scheme can minimize the blockage of signal at the broadside direction. For this design, an f /D ratio of 1.15 is used. Figure 5 shows the prototype of the 7 × 7 DRA reflectarray.
The simulated and measured radiation patterns of the proposed 7 × 7 DRA reflectarray are shown in Figure 6 in the xz plane (H plane) and yz plane (E plane). As can be observed from Figure 6 (a), it has a maximum measured gain of 14.24 dBi (simulation 15.58 dBi) in the broadside direction (θ = 0 • ) at 6.5 GHz. The co-polarized field is larger than its cross-polarized counterpart by ∼25 dB in this direction. In Figure 6 (b), the maximum measured gain in the broadside direction is 14.38 dBi (simulation 15.58 dBi), with the co-polarized field larger than its cross-polarized field by ∼39 dB in the broadside. For the ease of demonstrating the design idea, the array size is selected to be 7 × 7. The reflectarray can be designed to have higher gain if more elements are deployed. Figure 7 shows the simulated and measured maximum gains across frequency. The measured 1-dB gain bandwidth of the DRA reflectarray is 8% (simulation 9%). Parametric analysis of some of the important design parameters are performed for both of the unit cell and reflectarray. This is because reflection characteristics are only visible in unit cell simulation while radiation properties can only be seen when simulating the full-fledge reflectarray. The effect of the center-to-center separation between any two DRA elements (d 1 ) can be carried out by varying the dimension (L) of the unit cell. The element spacing was earlier designed to be 0.55λ and it is now varied to study its effects. Figure 8 shows the reflection loss and S-curve for L of 0.50λ, 0.55λ, and 0.60λ. For all, reflection loss maximizes at around 8 mm. Only minor change is discerned in the reflection phase. By studying the reflection characteristics of the unit element at different frequencies, we can estimate the performance of the reflectarray when the feeding antenna is operating at a frequency other than 6.5 GHz. Figure 9 shows the reflection characteristics of the unit element at 6 GHz, 6.5 GHz and 7 GHz. The reflection loss maximizes at 8.9 mm when the frequency of the incident wave is decreased to 6 GHz. It has the lowest reflection loss at 7.8 mm for the frequency of 7 GHz. For the case of 6 GHz, with reference to Figure 9(b) , the phase range increases slightly but with the price of having much steeper curve gradient. At 7 GHz, the phase curve exhibits slower gradient but the phase range becomes less. It is obvious that 6.5 GHz is the most optimized frequency as it has reasonable curve gradient and phase range. Figure 10 illustrates the reflection characteristics of a single DRA element as a function of the strip width (W s ), which is varied from 4 mm, 6 mm, to 8 mm, where its reflection loss maximizes at the strip length (L s ) of 8 mm. Figure 10(b) shows that an additional phase range of 10 • is possible for the case of 4 mm, but it has a steeper gradient. Change of reflection loss implies that the under-loading metallic strip can dissipate part of the energy of the incident wave. By keeping all the design parameters unchanged, the f /D ratio of the full-fledge DRA reflectarray is now varied from 1.0 to 1.3. Radiation patterns are generated as a function of the elevation angle (θ) and the results are shown in Figure 11 . Among all, the antenna gain is the lowest in the broadside direction for the case of f /D = 1.3. The other two cases have almost the same antenna gain. The ratio f /D = 1.15 is selected because the sidelobe level of the reflectarray is slightly better than that at f /D = 1.
CONCLUSION
A DRA reflectarray element loaded with a variable strip beneath the DR has been proposed, and its design procedure has been discussed. Simulation and experiment for an array of 7×7 elements have been carried out, and reasonable agreement is found between the simulated and measured results. It has been proven that a DRA loaded with an underlaid strip can be deployed for reflectarray design. The strip beneath the DRA is able to function as a phase shifter for compensating the phase of the incoming wave beam. The main advantage of the proposed reflectarray structure is that the phase-shifting element can be completely integrated into the DRA, and it does not require extra footprint.
